Introduction {#sec1-1}
============

There is evidence that the prevalence of some disorders such as migraine, fibromyalgia and temporomandibular joint disorder, which are accompanied by chronic pain, is higher in females compared to males.\[[@ref1]\] A direct or indirect effect of gonadal hormones on pain perception has been reported.\[[@ref2]\] Presence of the estrogen receptors in brain areas which are related to pain confirms that sex hormones contribute to pain perception or even analgesia.\[[@ref3]\] Regarding the fact that androgen and estrogen receptors are present in periaqueductal gray (PAG) which is involved in descending pain inhibition and morphine antinociception,\[[@ref4]\] it seems that sex hormones have some effects on the opioid system.

Nitric oxide (NO), an important modulator of neuronal functions,\[[@ref5]\] is synthesized from L-arginine (LA) by NO synthase (NOS).\[[@ref6]\] NO is involved in nociceptive processes.\[[@ref6]\] It has been shown that NOS inhibition potentiates carrageenan-induced hyperalgesia.\[[@ref7]\] In contrast, it has been reported that administration of LA facilitates the nociceptive tail flick reflex.\[[@ref8]\] The role of NO on analgesic effects of morphine has also been reported. Spinal cord NOS inhibition has been found to enhance the antinociception mediated by mu, delta and kappa opioid receptors.\[[@ref9]\]

The interaction between estrogen and NO system may be responsible for the morphine-induced antinociception. It has been well documented that estrogen influences the NO system in both peripheral and nervous tissues.\[[@ref10]\] It has been observed that estrogen increases endothelial NOS (eNOS) activity and expression.\[[@ref10]\] There is evidence showing that estrogen influences neuronal NOS (nNOS) mRNA, the number of nitrergic neurons and NO production in the brain.\[[@ref10]\]

Interaction of both sex hormones and NO with other neurotransmitters such as gamma-aminobutyric acid (GABA), acetylcholine, serotonin and dopamine, which have some roles in antinociceptive properties of morphine and pain perception, has been widely documented.\[[@ref11]\] The results of a previous study showed that NOS inhibition differently affects morphine-induced antinociception in male and female rats.\[[@ref12]\] Therefore, the aim of this study was to evaluate different effects of chronic administration of LA (the precursor of NO) and L-NAME (LN; NOS inhibitor) on morphine-induced antinociception in ovariectomized (OVX) and naive female rats.

Materials and Methods {#sec1-2}
=====================

 {#sec2-1}

### Animals and Chemicals {#sec3-1}

Eight-week-old female Wistar rats (200 ± 10 g) were obtained from the Razi Vaccine and Serum Research Institute of Razi Institute for Vaccine and Serum Production (Mashhad, Iran). The animals were housed as 4--5 in number per standard cage at room temperature (24 ± 1°C) on a 12-h light/dark cycle. Rats were provided *ad libitum* access to food and water. Rats were given 1 week to adapt to this new environment before any procedure was initiated. Animal handling and all related procedures such as nociceptive tests were approved by the Mashhad Medical University Committee on Animal Research.

The drugs used were L-arginine, L-NAME (Sigma, St. Louis, MO, USA) and morphine sulfate (TEMAD Ltd., Teheran, Iran). All the drugs were dissolved in saline solution.

### Surgery {#sec3-2}

Rats were ovariectomized under ketamine anesthesia (150 mg/kg, i.p.).\[[@ref13]\] Anesthesia was confirmed by reduced respiratory rate and no response to gentle pinching of foot pad. Ventral incision was made through the skin of the flank of the rat and ovaries, and ovarian fats were removed. Ovaries were isolated by ligation of the most proximal portion of the oviduct before removal.\[[@ref13]\] The animals were reversed to their cages to recover from surgery. After 6 weeks, the animals were tested in hot plate.

### Nociceptive Test {#sec3-3}

To assess nociceptive responses, hot plate method was used. In hot plate method, the rats were placed on a hot plate with temperature setting controlled at 52 ± 0.2°C. Cut-off time was 80 seconds.\[[@ref12]\] Nociceptive response is defined as licking or moving fore paws or moving hind paws. Time duration between placing the animals on hot plate and licking fore paws or moving hind paws was considered as the reaction time. The hot plate test was performed as three base records with an interval of 15 min before the injection of morphine (10 mg/kg; s.c.)\[[@ref12]\] following which it was repeated five times every 15 min after injection.\[[@ref12]\] Data were expressed as time latency or as percentage of maximum possible effect (%MPE) which was calculated as follows:

%MPE = (latency after drug administration -- baseline latency)/(80 -- baseline latency) ×100.

### Procedure {#sec3-4}

Sixty rats were divided into six groups (*n* = 10) as follows: (1) sham, (2) OVX, (3) sham-LA, (4) sham-LN, (5) OVX-LA, and (6) OVX-LN.

The animals of sham-LA and OVX-LA groups received 200 mg/kg LA\[[@ref12]\] every day during 6 weeks. The animals of sham-LN and OVX-LN groups received 10 mg/kg LN\[[@ref12]\] every day during 6 weeks. The animals of sham and OVX groups received 2 ml/kg saline instead of LA and LN every day during 6 weeks. Finally, all the animals were tested on the hot plate test for evaluating the antinociceptive effects of morphine.

### Statistical Analysis {#sec3-5}

All data were presented as mean ± SEM of reaction time. Base reaction latency times (seconds) before the injection of morphine and MPE after the injection of morphine were compared using repeated-measure analysis of variance (ANOVA) followed by *post-hoc* Tukey\'s test. Differences were considered statistically significant when *P* \< 0.05.

Results {#sec1-3}
=======

 {#sec2-2}

### The Chronic Effects of L-Arginine and L-NAME on Base Reaction Latency Times {#sec3-6}

Before the injection of morphine, the three recorded base reaction latency times in sham groups were 27.09 ± 3.07, 35.17 ± 3.49 and 28.19 ± 2.42 seconds. The animals of OVX groups had latency times of 27.54 ± 1.7, 37.65 ± 5.01 and 21.61 ± 4.1 seconds before the injection of morphine; there was no significant difference between the two groups with repeated-measure ANOVA test \[[Figure 1](#F1){ref-type="fig"}\].

![Comparison of base reaction latency times between sham and OVX groups. Data are presented as mean ± SEM (*n* = 10 in each group). There was no significant difference between the two groups when repeated-measure ANOVA was used](IJPharm-43-541-g001){#F1}

The baseline reaction latency times before the injection of morphine in sham-LA group were 19.36 ± 0.9, 20.55 ± 2.17 and 18.4 ± 2.56 seconds and were significantly higher than those of sham group (*P* \< 0.001) \[[Figure 2](#F2){ref-type="fig"}\]. In sham-LN group, the base reaction latency times were 36.99 ± 1.5, 38.14 ± 4.04 and 34.08 ± 3.83 seconds and were nonsignificantly lower than those of sham group (*P* = 0.095) \[[Figure 2](#F2){ref-type="fig"}\].

![Comparison of base reaction latency times between sham, sham-LA, and sham-LN groups. Data are presented as mean ± SEM (*n* = 10 in each group). Repeated-measure ANOVA test showed that base reaction latency times in sham-LA group were significantly lower than those of sham group (*P* \< 0.001). However, in sham-LN group, it was nonsignificantly higher than that of sham group (*P* = 0.09)](IJPharm-43-541-g002){#F2}

The animals of OVX-LA group had base reaction latency times of 33.55 ± 5.7, 27.44 ± 4.5 and 21.94 ± 3.5 seconds; there was no significant difference between this group and OVX group \[[Figure 3](#F3){ref-type="fig"}\]. In OVX-LN group, the three base reaction latency times were 41.46 ± 4.7, 39.16 ± 3.9 and 32.61 ± 4.4 seconds and were nonsignificantly lower than those of OVX group (*P* = 0.077) \[[Figure 3](#F3){ref-type="fig"}\].

![Comparison of base reaction latency times between OVX, OVX-LA and OVX-LN groups. Data are presented as mean ± SEM (*n* = 10 in each group). There was no significant difference between OVX-LA group and OVX group; however, in OVX-LN group, the three base reaction latency times were nonsignificantly lower than those of OVX group (*P* = 0.077)](IJPharm-43-541-g003){#F3}

### The Chronic Effects of l-Arginine and l-NAME on MPE(%) After the Injection of Morphine {#sec3-7}

After the injection of morphine, there was no significant difference between sham and OVX groups in MPE \[[Figure 4](#F4){ref-type="fig"}\]. MPE in sham-LN group was higher than that of sham group (*P* \< 0.05); however, there was no significant difference between sham-LA and sham groups \[[Figure 5](#F5){ref-type="fig"}\].

![Comparison of MPE between sham and OVX groups. Data are presented as mean ± SEM (*n* = 10 in each group). There was no significant difference between the two groups when repeated-measure ANOVA was used](IJPharm-43-541-g004){#F4}

![Comparison of MPE between sham, sham-LA and sham-LN groups. Data are presented as mean ± SEM (*n* = 10 in each group). Analysis with repeated-measure ANOVA showed that MPE in sham-LN group was higher than that of sham group (*P* \< 0.05)](IJPharm-43-541-g005){#F5}

There was no significant difference between OVX, OVX-LN and OVX-LA groups in MPE \[[Figure 6](#F6){ref-type="fig"}\].

![Comparison of MPE between OVX, OVX-LA and OVX-LN groups. Data are presented as mean ± SEM (*n* = 10 in each group). There was no significant difference between the three groups when repeated-measure ANOVA was used](IJPharm-43-541-g006){#F6}

Discussion {#sec1-4}
==========

It has been hypothesized that sex differences in opioid antinociception and pain perception are a consequence of actions of female or male gonadal hormones.\[[@ref2]\] Interaction of both sex hormones and NO with neurotransmitters which are involved in pain modulation has been widely documented.\[[@ref11]\] On the other hand, the role of NO in sex hormone dependent changes of behavioral responses of female rats has also been reported.\[[@ref14]\] In the present study, the chronic effect of LA and LN on nociception and morphine-induced antinociception in OVX and naive female rats was investigated. Hot plate test used in the present study is a well-known standard method for pain threshold evaluation after administering morphine or other analgesic drugs.\[[@ref12]\]

The results of this study show no significant differences in base reaction latency times between sham and OVX rats. This implies that there is no difference in pain threshold in the presence and absence of ovarian hormones while using hot plate test set at 52 ± 0.2°C. These results are consistent with the result of Ali *et al*. who showed using hot plate test that baseline reaction in OVX rats was not significantly different from that of sham animals.\[[@ref15]\] In a previous study, we also showed that there was no significant difference between male and female rats in base reaction latency time.\[[@ref12]\] In contrast, the result of another study demonstrated that hot plate latencies in sham animals were longer than those of OVX females.\[[@ref4]\] The discrepancy in the results may be due to the kind of tested animal or the temperature of hot plate test. It has been shown that treatment of OVX Sprague-Dawley rats with estrogen or estrogen/progesteron significantly prolonged the reaction time latency on the 50°C hot plate test, but there were no significant differences on the 54°C hot plate test.\[[@ref16]\] It has been also reported that baseline latencies in F344 OVX rats were longer than those of sham animals, whereas they were similar in the Sprague-Dawley sham and OVX rats.\[[@ref17]\]

NO is a gaseous messenger which is produced in different cell types.\[[@ref6]\] It acts as a neuronal messenger and a modulator of neurotransmission in the nervous system.\[[@ref5]\] NO appears to act as a pronociceptive\[[@ref6][@ref8]\] as well as an antinociceptive agent. In the present study, three recorded base reaction latency times were compared between sham, sham-LA and sham-LN groups. The results show that chronic administration of the precursor of NO, LA, attenuates the reaction time in hot plate test. It seems that LA directly or by increasing the production of NO acts as a pronociceptive agent in the presence of ovarian hormones. This result is in agreement with the result of Ferreira *et al*. who showed that LN inhibits, but LA potentiates the glutamate-induced hyperalgesia.\[[@ref6]\] It was also shown that LN had an antinociceptive effect in the capsaicin-induced paw licking procedure which was reversed by LA.\[[@ref18]\] Although the reports are very controversial, it seems that NO may have a role as a pronociception agent. It has been demonstrated that NO donors enhance the release of neuropeptides such as substance P and calcitonin gene-related peptide(CGRP) which have a role in pain transmission.\[[@ref19]\] Also, it has been suggested that LA acts as a pronociceptive via the NO-cycle GMP pathway in the brain and spinal cord.\[[@ref8]\] Considering the results of the present study, it might be suggested that the effect of LA or even the role of NO in nociception is different in the presence or absence of ovarian hormones; there was no significant difference in base reaction latency times between OVX-LA and OVX groups.

The results of the present study also show that injection of morphine (10 mg/kg) had analgesic effect in both sham and OVX rats; reaction latency time was increased in both sham and OVX groups in comparison with base reaction latency. However, there was no significant difference in MPE between sham and OVX rats. Banerjee *et al*. reported that response to morphine was attenuated in OVX rats, while 17 beta-estradiol replacement therapy did not alter this attenuation,\[[@ref20]\] although Kepler *et al*. reported that analgesic effects of mu and delta selective agonists were not affected by gonadectomy in rats.\[[@ref21]\] It has also been shown that in OVX rats, the percentage of increase in reaction time after injection of 5 mg/kg morphine was significantly higher than that of control group.\[[@ref15]\] In another study, morphine antinociceptive potency in castrated female increased, only when compared to sham tested during estrus.\[[@ref16]\] However, the results of another study showed that hot plate response to hydromorphone in female intact rats in any stage of ovarian cycle was not different from that of gonadectomized females.\[[@ref4]\] Other researchers suggested that morphine was more potent in OVX rats when tested in a warm-water, tail-withdrawal procedure.\[[@ref2]\] All of these findings confirm that sex hormones might have an important role in opioidergic systems and may modulate the antinociception effects of opioids. The results of our previous study also showed that 10 mg/kg morphine had more analgesic effects in male rats in comparison with the effects on females.\[[@ref12]\] The presence of high opioid receptor density in hypothalamus during proestrous phase, when estrogen levels are elevated,\[[@ref2]\] may affect the analgesic functions of opioids. The association of high levels of estrogen with increased levels of proenkephalin gene expression has also been reported.\[[@ref22]\] The change of kappa opioid receptor density in lumbosacral spinal cord during the estrous cycle has also been shown.\[[@ref2]\] There are evidences showing that estrogen decreases the functional coupling of the μ-opioid and GABA receptors and suppresses mu-opioid and GABA-mediated hyperpolarization of hypothalamic arcuate neurons.\[[@ref23]\]

NO is a gaseous messenger which appears to act as a pronociceptive\[[@ref6][@ref8]\] as well as an antinociceptive agent.\[[@ref2]\] Ferreira *et al*. reported that injection of LN inhibited glutamate-induced hyperalgesia, but LA potentiated it significantly.\[[@ref6]\] Sakurada also demonstrated that in the capsaicin-induced paw licking procedure, administration of LN produced a significant antinociceptive effect, while it was reversed by LA administration.\[[@ref18]\] Although the reports are very controversial, it seems that NO may have a role as a pronociception agent. It has been demonstrated that NO donors enhance the release of the neuropeptides such as substance P and CGRP which have a role in pain transmission.\[[@ref19]\] It has been also suggested that LA (the precursor of NO) acts as a pronociceptive via the NO-cycle GMP pathway in the brain and spinal cord.\[[@ref8]\] On the other hand, it has been documented that NO has a modulatory function on antinociceptive effects of opioids.\[[@ref9]\] In the present study, chronic administration of LN increased the antinociceptive effects of morphine in sham-operated rats. Xu and Tseng (1995) also reported that the antinociceptive effect of morphine was increased by injection of *N*(omega)-nitro-L-argnine (L-NNA) (NOS inhibitor), but was attenuated by administration of LA.\[[@ref5]\] In contrast, Pataki and Telegdy (1998) reported that L-NNA diminished the morphine-induced analgesia. However, pretreatment with LA potentiated the analgesic effect of morphine.\[[@ref24]\] It might be suggested that chronic treatment with LN decreases brain NOS activity and probably increases the morphine-induced antinociception by modification of the transport of morphine across the blood--brain barrier or its effect may be related to alterations in the distribution of morphine in the central nervous system sites involved in the nociceptive response.\[[@ref9]\] In the present study, chronic administration of LA had no significant effects on the analgesic effects of morphine in both sham and OVX rats. It has been shown that orally or itrathecal(i.t.) administration of LA---reduced the analgesic effect of morphine in hot plate, tail flick and acetic acid tests, while i.c.v. injection of LA had no effect on morphine-induced antinociception in hot plate test.\[[@ref25]\] It may be suggested that the route of drug administration and the duration may affect the result.

The interaction of gonadal hormones and NO system in both peripheral and nervous tissues has been well documented.\[[@ref10]\] It has been shown that estrogen affects eNOS and nNOS activities and expression and NO levels in the nervous system.\[[@ref10]\] The results of the present study show that the role of NO in the analgesic effect of morphine is different in the presence or absence of female sex hormones; chronic treatment of sham-operated animals by LN increased the analgesic effects of morphine; however, it had no significant effect in OVX rats. In the previous study, we also showed that chronic administration of LN (10 mg/kg) enhanced the analgesic effects of morphine in female, but not male rats.\[[@ref12]\] It has been reported that pretreatment with LN causes a significant increase in the latency time in hot plate test only in male, but not in female mice.\[[@ref5]\] It has been suggested that ovariectomy decreases serum estrogen level and also reduces nNOS and eNOS expression.\[[@ref10]\] It has been suggested that estrogen replacement therapy in postmenopausal women increases the plasma levels of nitrite and nitrate.\[[@ref10]\] Based on the results of the present study, it might be suggested that LN decreases the NOS activity in the presence but not in the absence of estrogen and it may affect the morphine-induced analgesia, with this mechanism.

In conclusion, NO has a role in pain perception and also in analgesic properties of morphine. This role of NO is different in the absence and presence of ovarian hormones. All of these data confirm that there are potential levels of interaction between sex hormones and the NO signaling systems in morphine-induced antinociception, but further investigations need to be done.
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